The value of S2 can be an important diagnostic tool for judging the quality of correlated wave functions. A production code has been developed to evaluate S2 for unrestricted MQller-Plesset perturbation theory (UMPn), coupled clusters (UCCSD), quadratic configuration interaction (UQCISD), and Brueckner doubles (UBD) methods, and to evaluate UMP3 and UMP4 energies with spin projection. The code has been used to examine the bond dissociation potentials for HF-+H+F and CH,-CHs+H.
INTRODUCTION
Spin-unrestricted Hartree-Fock' (UHF) and post-SCF methods based on UHF references such as unrestricted MQller-Plesset perturbation theory* (UMPn), unrestricted coupled clusters theory3 (UCC), and unrestricted quadratic configuration interaction theory4 (UQCI) have been widely used for open shell systems. In recent years, unrestricted Brueckner doubles5 (UBD) has also become available for open shell systems. Spin-unrestricted methods are usually quite reliable and yield satisfactory energies and optimized geometries. In addition, they approach the correct limit for the bond dissociation in the closed shell systems,6 while spin-restricted Hartree-Fock7 (RHF) and spin-restricted post-SCF methods can give the incorrect results when bonds are stretched far away from the equilibrium geometries. Unrestricted methods also give reasonable spin densities for open shell systems, whereas restricted methods require more extensive configuration interaction for an acceptable description of spin densities.8V9
The major shortcoming of the UHF and unrestricted post-SCF methods is that the wave functions are not eigenfunctions of the spin operator S2. Frequently this is not a problem, since the contributions from higher spin states are often small. However, there are circumstances where the spin contamination can be large enough to adversely effect the shape of the calculated energy surface and the magnitude of the spin densities. The amount of spin contamination can be determined from (S'). Most electronic structure programs (e.g. Ref. 10) evaluate (S2) for simple methods such as UHF and UMP2, but there is a need to calculate (S2) for higher order MQller-Plesset perturbation theory and for more accurate methods of treating electron correlation. The first part of this paper deals with the calculation of S2 for unrestricted, *'Current address: Department of Chemistry, Iowa State University, Ames, Iowa 50011.
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single reference post-SCF theories, and its use as a diagnostic tool in assessing the quality of these calculations. The second part of this paper is concerned with the treatment of the spin contamination problem. A number of approaches have been used, including restricted open shell Hartree-Fock (ROHP) and spin-restricted multiconfiguration self-consistent field" (MCSCF) as well as spin projection methods. Since ROHF theory uses the same set of spatial orbitals for the alpha and beta spin orbitals, the wave function is an eigenfunction of S2. Hence ROHF has no spin contamination for the open shell systems. Restricted open shell MQller-Plesset perturbation theory and coupled-cluster methods for electron correlation have been implemented recently by Pople, Handy, '2V'3 and Bartlett.i4 Although single reference spin-restricted methods are very useful for open shell calculations, they are not suitable for the calculation of bond dissociation potential energy curves. The MCSCF approach is perhaps the best choice since multiple reference determinants are used, but it is limited to smaller systems than single reference post-SCF calculations and corrections for dynamic correlation are more difficult. An alternative method is spin projection of unrestricted Hartree-Fock and post-SCF theories. Spin projection of UHF calculations was discussed a number of decades ago by Lowdin" and Amos and Ha11.16 Several years ago we demonstrated that an approximate spin projected UMPn method was very effective in treating the problem of extremely slow convergence of unrestricted Moller-Plesset perturbation theory for cases with serious spin contamination in the UHF reference determinant.17 Two similar methods for calculating fully spin projected unrestricted MBller-Plesset perturbation (proj UMPn) energies were proposed by Handy** and ourselves;" these methods were tested by comparison with full configuration interaction (FCI) calculations. Because matrix elements such as (5J!'uIS2/'P',) are difficult to evaluate for u and v equal to double, triple, and quadruple excitations, these two methods have been implemented only at the UMP2 level of the theory for practical applications. In this paper we discuss the implementation of spin projected UMP3 and UMP4 methods, and compare spin projected UMPn results with other higher levels of calculations such as UCC, UQCI, and UBD on the single bond dissociation curves of I-IF and CH4 systems.
S2 for post-SCF methods
The expectation value of S2 is (s2)=(wIs2p)l(wp).
(1)
For most post-SCF methods, the wave function can be partitioned into a reference determinant, 'Pa, and a correlation correction, W,,, , that can be expanded as a sum over single, double, triple, quadruple, and higher multiple excitations: u = S, D, T, and Q). The nonzero elements of these matrices are listed in 
where q. is the reference determinant; ?y, 'I!$' are determinants that are singly, doubly excited, etc. The CID and CISD wave functions are qcD=(l+T2) Y. and v cIsD = ( 1 + T, + T.J U. , respectively. The substitution operators T,=C aft: and T,=X a$?$' can be express in terms of the elementary substitution operators (e.g., 4 replaces occupied spin orbital di by unoccupied spin orbital 4, , etc.). In the CCD and CCSD approaches, *ccr,=exp(T2) q. and * -exp(T, + Ti) qo, respectively (Ti = T2 -$T:). In CCSDthe quadratic configuration interaction singles and doubles method (QCISD), only the minimum number of excitation operators are added to the CI equations to make them sizeconsistent:
Note that Eq. (3) is generally not equivalent to Eq. (1) if the wave function does not satisfy the Hellmann-Feynman theorem, i.e., Eqs.
(1) and (3) are equivalent for Hat-tree-Fock and CASSCF methods, but not for a number of post-SCF methods such as MPn, CC, QCI, etc.
The value of S* for UMPn defined by Eq. (3) can be written as It-1 (S2)= c (syi, (s2)i=dE;+(h) (4) i=O X=0' where (S2)i is the value for the ith order wave function which corresponds to the (i + 1 )th order perturbation energy Ei+ , . Up to third order (i.e., MP4 energy), this yields 
By making the approximation (Y\Ir,(H-ElSZV,,,)=(E,-Eo)(y'll~,,,) (r=SJ), (12) the expression of (S2) can be written as
where Ai = E, -Ei and A$'= E, i-l b -Ei -~~ (the E'S are orbital energies). Because of Brillouin's theorem, S, is zero for UCI, UCC, and UQCI methods; however in the UBD approach, this term is nonzero. Note that if the first-order perturbation wave function is substituted for 'PcO,, the value of (S2)Mpz is obtained by omitting the higher order contributions. In this paper all values for (S2) for CID, CISD, CCD, CCSD, QCISD, and BD are calculated by using Eq. (13). An expression for (S2) that is more like the perturbation theory results can be obtained by expanding the denominator of Eq. (13) and collecting terms up to the first order,
2$'= -('P;bI(S2-(S2)o)j'J')/A$ As mentioned above, the QCISD method does not have a well-defined wave function, but an approximation to the wave function is required to compute (S2)qc1so. Either *=(1+T,+T2+iTf$Po or 'P=(1+TI+T2+T,T2+~T~'J!o can be used in Eq. (13). As will be seen below the two choices give almost the same numerical values for (S2). Similar to S2 for UMPn, the matrix elements (UolS21Yr,) (u = S, D) and (*,,IS21Y J (u = S, 0, T, and Q) are required to compute S2 for UCI, UCC, UQCI, and UBD. Since the triple excitations can be expressed as T,T2qo, the calculation of (~oIHIW~~)(W~~IS21T,T2~o) requires only 0(N6) steps. The total computational cost of (S2) is about one-third of the cost of one UCCSD iteration which involves 15 0(N6) order steps.2o
SPIN PROJECTION OF UMPn ENERGIES
The equations for the projected Hartree-Fock energy are well known and can be written in terms of the LGwdin spin projection operator'5 P, : (18) is that only matrix elements of n&order perturbation energy but it requires the calculation the type (~olS21~,) (u = S, D) are used, while the disadvanof matrix elements of ('P\Er,lS219",) (u=S, D, T, and Q). The (17) and (18) are identical only for full-core calculations. If frozen-core calculations are performed, Z=ZilUi)(U,l is no longer the identity operator. The test results show the differences between Eqs. (17) and (18) are a few millihartree for frozen-core calculations of projected UMP3 energies.
The matrix elements needed for projected I-IMP2 and UMP3 methods by using Eq. (17) are similar to those for the calculation of (S2) for CCSD. The projected UMP4(SDTQ) energy requires the coefficients of singles, doubles, triples, and quadruples excitations of 'Its. Since these require up to O(N') work and O(N') storage, we have omitted these two components. As discussed below, comparisons with projection calculations using the full CI code (which include these terms) shows that this is a reasonable approximation in the region where the contributions from the triple and quadruple excitations of the third-order correction are not large. Since the spin projected correction for the fourth-order energy E4 is usually not very large, the following less expensive approach may also be used to estimated the spin projected UMP4(SDTQ) energy
RESULTS AND DISCUSSION
The formulas for (S2) and projected unrestricted MdllerPlesset perturbation theory presented above have been implemented in the development version of the GAUSSIAN program" and tested against the full configuration interaction (FCI) code. Equation (13) was used to calculate (S2) for UCC, UQCI, and UBD methods; Eq. (5) was used for UMPn. Projected UMPn energies were computed according to Eq. (17). The spin projection operator P, was approximated by the single annihilation operator A,+t which removes only the next highest spin contaminant. The projected UMP4 energy does not include the contributions from triple and quadruple excitations of the third-order correlation correction to the wave function; an approximate approach based on projected MPn according to Eq. (19) was also tested.
To demonstrate the evaluation of S2 and projected energies, the single bond dissociation potential curves of HF-+H+F and CH,tCH,+H have been calculated with the MP4, CCSD, QCISD, and BD methods. These calculations may also be relevant for transition states, since many contain partially broken bonds. All the calculations used all core, valence, and unoccupied orbitals with the 6-3 1G basis set for HF and the 6-31G** basis set for CH4. Full CI calculations were been performed with the 6-31G basis set for HF dissociation for the comparison with the various levels of theory. The full CI code was also used to evaluate the full spin projected UMP4 energies according to Eq. (16) for comparison with Eqs. (17) and (19). To eliminate the effects from other modes in the CH, system, the stretching coordinates calculated by Hirst21 were used. Table II lists the values of S2 for the UMP2, UMP4(SDTQ), UCID, UCISD, UCCD, UCCSD, UQCISD, and UBD methods at different hydrogen fluoride bond lengths; Table III gives similar data for methane. Since the QCISD wave function is not well-defined, S2 computed with and without the TIT2 To term in the QCISD wave function. The differences between these two approaches are no larger than 0.005, and either could be used to represent S2 of a QCISD calculation. All the post-SCF methods discussed here (UMPn, UCC, UQCI, and UBD) have smaller values of S2 than the Hartree-Fock wave function at the same bond length. This is expected since S2 for the exact ground state wave function is zero and the correlated wave functions are closer to the exact wave function than the UHF wave function. For all the unrestricted methods, S2 tend toward 1.0 as the bond dissociates. For a two electron two orbital system, if the orbitals are well separated and there is no interaction between the electrons, the unrestricted Hat-tree-Fock wave function contains an equal mixture of singlet (s = 0) and triplet (s = 1) states; hence, the average value of S2 should be 1.0. The UHF values of S2 for both hydrogen fluoride and methane are slightly larger than 1.0 at large bond lengths, indicating that the UHF wave function contains small contributions from higher spin states (s > 1) . The values of S2 for the post-SCF methods are all less than 1.0. Figure 1 shows the changes in S2 with respect to bond length in hydrogen fluoride and methane. It is readily apparent that iterative calculations (UCI, UCC, and UQCI) reduce the spin contamination much more than noniterative methods (UMPn); furthermore, the coupled cluster and quadratic configuration interaction methods clean up the spin contamination better than the truncated configuration interaction I-IF->H+F method. In particular, the order of the values of S2 is UCCSD~UQCISDCUCISD<UMP4<UMP2<UHF at all bond lengths. This ordering is in agreement with the generally accepted ranking of the accuracy of these wave functions. The UQCISD and UCCSD curves in Fig. 1 are nearly identical, showing that both methods have very similar behavior with respect to spin. This result supports a statement made by Pople2' that the CCSD and QCISD calculations are very similar in quality.
The values of the S2 for CISD and CCSD theories are smaller than those for CID and CCD, indicating that the CISD and CCSD wave functions have less spin contamination than the CID and CCD wave functions. Table IV lists matrix elements ('P0jS21'P,), (Y\IS2)'I's), and (9ujS219&, which are the main contributors to S2 for CCD and CCSD. As expected, near the onset of the UHF-RHF instability, the contributions from the single substitutions are larger than from the double substitutions. However, a few tenths of an angstrom beyond the instability, the (*eIS2/~p) term dominates. The absolute value of (T0(S2/1v,) for UCCSD is two to four times greater than that for UCCD. Thus at long bond lengths, the primary effect of the single substitutions is to reduce S2 by increasing the contributions from q'D wols21w) th th ra er an reducing S2 directly through contributions from (~'olS2~~\Irs).
Handy and Pople' have pointed out that the restricted Brueckner doubles method is stable with respect to spinunrestricted displacements over a wider range of nuclear ge- ometries than Hartree-Fock theory. The onset of the UBD-RBD instability is at -2 A for hydrogen fluoride with the 6-3 1G basis set, while the onset of UHF-RHF instability is at 1.2764 A. From Fig. 1 , the UBD curves for both HF and CH4 have large slopes initially and then merge with the UCCSD and UQCISD curves. The similar behavior in S2 a few tenths of an Angstrom beyond the onset of UBD-RBD instability may explain why UQCISD, UCCSD, and UBD give comparable results for the single bond dissociation potential curves. For both systems, S* for UQCISD and UCCSD is about 0.35 at the onset of the UBD-RBD instability. This could be quite useful in predicting the onset of the UBD-RBD instability for single bond dissociations. Bartlett and co-workers23 have computed S* for coupled cluster wave functions using (s2>B=wIls21w. (20) Unlike Eqs. (13) and (14), this expression does not consider contributions from the change in the wave function arising from the spin perturbation. Table V ' '24 RG. 2. Potential energy curves for HF+HtF at various levels of theory.
the levels of theory except UBD. For UBD, the differences are very small when Rm is larger than 2.4 A. The relative differences (compare Tables II and V ) are a few percent or less except for UBD for which the differences reach about 20% just beyond the onset of UBD-RBD instability. This indicates that the Hellmann-Feynman theorem is approximately satisfied for UCISD, UCISD, and UQCISD wave functions for perturbations involving spin for these cases. Similar results are found for the CH, system. Although the second and third terms and denominator in Eqs. (13) and (14) are not small individually for the examples presented here, they cancel. Figure 2 shows a number of potential energy curves for HF computed at various levels of theory. The RMP4 calculations give the wrong limit as the HF bond dissociates, while UMP4 goes to the correct limit but shows convergence problems at intermediate bond lengths. These two features are well known. The maximum energy difference between UMP4 and full CI is 33 mhartree at the bond length of -1.6 A. The values of S2 at Rw= 1.6 A are 0.7 1 for UHF and 0.48 for UMP4. In the region where the value of S2 is about 0.5 for the UMP4 calculation, the higher order perturbation corrections to the energy play an important role. This is the recoupling region where the wave function changes character from a pair of singlet coupled electrons to a pair of uncoupled electrons. The iterative methods for the electron correlation correction (CCSD, QCISD, and BD) give much better results for the energy in the recoupling region than the noniterative method (MP4), similar to the calculations of S2. All the unrestricted methods used in Fig. 2 reach the correct limit, while the restricted methods give incorrect results when the molecule dissociates.
Table VI lists the differences between projected MP4 and full CI energies. For practical reasons, two approximations need to be made for calculations on larger molecules: (a) the single annihilator A,+, is used instead of full projector P, and (b) the triples and quadruples contributions to the third-order wave function (U 3T,e) are neglected in computing the projected MP4 energy using Eq. (17). For comparison, Table VI also lists the projected MP4 energies including these terms (computed with the full CI code), the projected MP4 energies calculated by the approximation in Eq. (19), and the MP4 energies computed with the full projector. The differences between single annihilation and full projections are very small for HF dissociation and are generally negligible for most single bond breaking cases. However, the error from neglecting the Vrsr and *se terms is significant in the recoupling region. The maximum error is about 2.5 mhartree and occurs at a bond length of -1.6 A, which is near the maximum in the difference between the UMP4 and full CI energies. Although the triple and quadruple excitation terms in 'I!s do not contribute to the UMP4 energy, they do contribute to the projected energy and speed up the convergence of the projected UMPn calculations. For R,> 1.8 A, these terms are almost negligible. The approximation to spin projected MP4 energy given by Eq. (19) assumes that the spin contamination in 'I's can be neglected. In our previous papers,17,19 this approximation was necessary for practical reasons, but appeared to work quite well. The energies calculated by Eq. (19) are overestimated when compared with the fully projected MP4 energy from Eq. (16), but the overestimation seems to cancel some of the higher order corrections. This method appears to be quite effective and practical for a single bond dissociation system, since it gives very good results when compared with the full CI calculation and its additional cost is negligible compared with the UMP4(SDTQ) calculation. Tables VII and VIII list the differences between single annihilated and fully projected energies for breaking one bond in HF and two bonds in H,O. Three important features can be observed: (a) the single annihilated energies are lower than fully projected energies for any order of the perturbation theory (this was first pointed out by Morokuma and co-workersz4); (b) the higher the order of perturbation calculation used, the smaller the difference between single annihilation and full projection; (c) the difference between single annihilation and full projection for any order of the wave function increases with increasing bond lengths and tends toward a constant. For breaking one bond in HF, the error in MP3 and MP4 energies with single annihilation are at least three and six times smaller than for the UHF calculations, respectively. For breaking two bonds in H,O, a reduction in the error with higher order MPn calculation is also observed, although the error with higher order perturbation calculations are still very large when only single annihilation is used. However, annihilation of two spin contaminants gives results that are in very good agreement with full projection, especially with higher order perturbation theory (Table VIII) . The higher order UMPn calculations tend to reduce the weight of the configurations contaminating the UHF wave function. Morokumaz4 used an approximate methodI which projected out the spin contamination from the UHF wave function but not the UMPn wave function; hence the effect of projected higher order UMPn was not evident. Figure 3 shows the differences between the CCSD(T), QCISD(T), BD(T), and full CI energies for HF or MRDCI energies** for CH,. In the two regions where hydrogen fluoride is either well bonded or well separated, the restricted and unrestricted CCSD(T), QCISD(T), and BD(T) methods are in very good agreement with the full CI calculations, respectively. The energy differences are only a few tenths of millihartrees in these two limits. In the region between the onsets of the UHF-RHF and UBD-RBD instabilities, restricted and unrestricted CCSD(T), QCISD(T), and BD(T) have about the same errors when compared with the full CI calculation. The largest errors in this region are -0.6, 1.5, 0.9, 0.8, and 1.0 mhartree for RCCSD(T), UCCSD(T), RQ-CISD(T), UQCISD(T), and RBD(T), respectively. The maximum errors in the UCCSD(T), UQCISD(T), and UBD(T) curves are -3.5 mhartree and occur at -2.2 1%, about, 0.2 A beyond the onset of the UBD-RBD instability. The values of S* at these maxima are 0.5-0.6 (for UMP4, S* is also -0.5, but the maximum error in the energy occurs at -1.6 A. For comparison, the error curve for the approximate projected MP4 calculated by Eq. (19) is also plotted in Fig. 3 . In the region where the UCCSD(T), UQCISD(T), and UBD(T) errors are large, the error in the projected MP4 energy is small; conversely, CCSD(T), QCISD(T) and BD(T) are in very good agreement with the full CI energies where error in the projected MP4 is large. The results for CH, are similar. We estimate that the MRD-CI calculations of Hirst*i are about 3 mhartree above the full CI calculations. preach, the triple substitutions play a very important role in adjusting the incorrect .behavior remaining in the wave functions in the recoupling region. This correction becomes less important at large bond lengths where the character of the pair of uncoupled electrons is well established. On the other hand, the restricted calculations without triples tend toward a higher limit in energy when the molecule dissociates. This result is expected because in the dissociation limit the restricted Hartree-Fock wave function is a mixture of ionic (H++F-) and diradical (H'+F') configurations. To remove the ionic contribution, the restricted wave functions must have large amplitudes for the single and double substitutions. Tables IX and X) , resulting in energies that are lower than the full CI calculation for bond length greater than 1.8 A. The results from restricted CCSD(T), QCISD(T), and BD(T) methods do not seem reliable beyond the onset of the UBD-RBD instability. It is possible that iterative inclusion of the triple excitations may partially overcome this problem. Figure 5 shows the differences between the unrestricted CCSD, QCISD, BD, and full CI energies with and without the corrections for triple substitutions. In the region where the RHF or RBD wave functions are stable, the restricted data are used in the plot; beyond the instability the umestricted data are used. For CCSD and BD without the triple substitution, the differences increase and reach the maximum at -2.0 A, which is near the onset of the UBD-RBD instability. Beyond the instability, the differences decrease and reach values of less than 1 mhartree. For QCISD, the results are similar except for a local minimum about one-tenth of an angstrom beyond the onset of the UHF-RHF instability. The maximum values of the differences are 6.7, 5.8, and 7.6 rnhartree for CCSD, QCISD, and BD, respectively. For the calculations with triples, a small bump is found in the UCCSD(T) and UBD(T) curves at -1.6 8, and a larger feature at -2.2 A for all three methods. These are associated with maxima in the triples corrections near 1.8-2.0 8.
Replogle and Pople25 compared QCISD and BD methods for the potential energy curve for the CH bond dissociation in methane with the STO-3G basis set. Depending on which solution was lower in energy, either a restricted or an unrestricted reference was used (i.e., the same as in Fig. 5 ). They found that QCISD(TQ) and BD(TQ) (where Q indicates noniterative corrections for quintuple excitations) are superior to QCISD(T) and BD(T), which in turn are better than QCISD and BD.
Spin projection has been shown to be very effective in the UMP4 calculations. In a previous paper" we proved that CCSD energies with and without single annihilation based on Eq. (16) are identical. The same theorem holds for QCISD and BD energies. Hence, single annihilation will not affect the CCSD, QCISD, and BD potential energy curves. Since unrestricted calculations on single bond dissociation energy curves have only one major spin contaminant, multiple spin annihilation is expected to have very little effect on the UCCSD, UQCISD, and UBD single bond dissociation curves. Tables IX and X give the noniterative correlation correction from triple substimtions, AE,, as well as the normalized factor A,,,,,, = 41 +Z(&'+C(LZ$')~ for the CCSD, . _. QCISD, and BD calculations f&r HF-tH+F and CH,+CH,+H, respectively. As mention above, AEr for the restricted calculations increase with the bond length because large amplitudes are needed for single and double substitutions to remove the ionic contributions in the RHF reference determinant for H+F and CHs+H. The maximum values of AE, for the UBD calculations are at the onset of the UBD-RBD instability for both systems. The maxima of AE, for UCCSD and UQCISD are at -1.8 and 2.0 8, for HF+H+F and CH,-+CHs + H, respectively. The correlation energies from the triple substitutions for these methods are three to ten times higher at the maxima than the values at either the well bonded structures or well separated structures.
The value of A,,, is a good indicator of the magnitude of the correlation correction for single reference determinant methods.26 Tables IX and X show that A,,, increases with the bond length for restricted CCSD, QCISD, and BD. However, for unrestricted CCSD, QCISD, and BD, A,,, increases up to a bond length of 1.8-2.0 A and then decreases at longer distances to values similar to those found near equilibrium geometries. For these systems UCCSD(T), UQ-CISD(T), and UBD(T) give better energies than the corresponding restricted method if A,,, for the restricted method is greater than 1.2. This may also be useful for judging the quality of the restricted vs unrestricted calculations for other systems.26 SUMMARY The conclusions of this paper can be summarized in the following points:
(a) The value of S2 is a useful diagnostic tool to determine the quality of post-SCF calculations. For H-F and CHs-H bond dissociation curves, the onset of the UBD-RBD instability occurs near S*=O.35 for the UCCSD or UQ-W. Chen and H. B. Schlegel: Evaluation of S2 5967 CISD calculations. The maxima in the errors for UMP4, UCCSD(T), UQCISD(T), and UBD(T) are at the region where S* is 0.5-0.6. (b) For the cases considered, the differences in S* computed by (%'\IS2]'P) and dE(hS2)/dX are less than 0.005 for CCSD and QCISD calculations. The values of S2 for QCISD computed with and without the TIT2 term differ by less than 0.005.
(c) Although they are based on UHF orbitals, the behavior of UCCSD and UQCISD is closer to BD than MP4, as judged by the potential energy curves and S*.
(d) For dissociation of a single bond, the approximate spin projected MP4 energy [Eq. (19) ] is in good agreement with the full CI energy. In the recoupling region (between the onsets of the UHF-RHF and UBD-RBD instabilities), the iterative methods such as CCSD(T), QCISD(T), and BD(T) give better results.
(e) The restricted and unrestricted calculations of CCSD(T), QCISD(T), and BD(T) give about the same errors compared with the full CI calculation between the onsets of the UHF-RHF and UBD-RBD instabilities.
(f) Although spin projection greatly improves the UMPn energies, it is not expected to have a large effect on CCSD, QCISD, and BD energy curves for the single bond dissociation.
(g) For single bond dissociation, single spin annihilation results are very close to full projection; however, for the system involving the breaking of two single bonds or a double bond, annihilation of at least two spin contaminants is necessary.
(h) For A ",,,& 1.2 in single bond dissociations, it is better to use a spin-unrestricted method.
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